INTRODUCTION {#s1}
============

Candida glabrata is a human opportunistic fungal pathogen of high clinical significance ([@B1][@B2][@B3]). It is the second to fourth most common cause of *Candida* bloodstream infections, based on the geographical area ([@B3][@B4][@B5]). C. glabrata is intrinsically less susceptible to widely used azole antifungals, compared to other *Candida* species in the CTG clade, thereby rendering the azole antifungal therapy ineffective ([@B6], [@B7]). An increase in C. glabrata infections in last 2 decades has been associated with the increased use of azoles in some studies ([@B3], [@B5], [@B8], [@B9]). Azole antifungals inhibit ergosterol biosynthesis by binding to the iron of the porphyrin ring in the active site of the enzyme lanosterol 14-α-demethylase, which converts lanosterol into 4,4′-dimethyl cholesta-8,14,24-triene-3-β-ol and is encoded by the C. glabrata *ERG11* (*CgERG11*) gene ([@B6]).

C. glabrata is also known to acquire resistance to both azole and echinocandin antifungals ([@B1][@B2][@B3], [@B10], [@B11]). Echinocandins impede cell wall biosynthesis by inhibiting the synthesis of its principal structural component β-1,3-glucan ([@B10]). These noncompetitively bind to the catalytic subunits of β‐(1,3)-glucan synthase enzymes, encoded by three genes: *CgFKS1*, *CgFKS2*, and *CgFKS3* ([@B10]). Mutations in hot-spot regions of *CgFKS1* and *CgFKS2* genes have frequently been associated with echinocandin resistance ([@B1], [@B2], [@B10][@B11][@B12]). Contrarily, overexpression of multidrug efflux pumps is the most prevalent mechanism of azole resistance in C. glabrata ([@B7]). Multiple factors have been identified that contribute to the cellular response to azole and echinocandin antifungals, underscoring that antifungal tolerance in C. glabrata is a complex process ([@B12][@B13][@B18]).

The phosphoinositide signaling pathway regulates various physiological processes, including protein trafficking, autophagy, cell cycle progression, and hyphal morphogenesis ([@B19], [@B20]). Recently, phosphoinositides have also been implicated in antifungal resistance in the pathogenic fungi C. albicans and C. glabrata ([@B17], [@B21]). The phosphatidylinositol-4-phosphate has been shown to be pivotal to trafficking of the major multidrug transporter, Cdr1, to the plasma membrane in C. albicans ([@B21]). The phosphatidylinositol-4-kinase Stt4 was found to a genetic interactor of Hsp90 and required for antifungal tolerance in C. albicans ([@B22]). Similarly, the phosphatidylinositol 3,5-bisphosphate \[PI(3,5)P2\] kinase CgFab1 has recently been reported to be essential for actin cytoskeleton reorganization and azole stress survival in C. glabrata ([@B17]).

PI(3,5)P2 constitutes a very small fraction of total phosphoinositides in the nonpathogenic yeast Saccharomyces cerevisiae and plays an important role in membrane trafficking and vacuole homoeostasis ([@B23][@B24][@B26]). It is predominantly present in the vacuolar membrane ([@B24][@B25][@B26]). PI(3,5)P2 synthesis and turnover is modulated by the PI(3,5)P2 regulatory complex, which consists of the PI(3,5)P2 kinase Fab1, the regulatory proteins Vac7 and Vac14, PI(3,5)P2 phosphatase Fig4, and the phosphoinositide-binding protein Atg18 ([@B24], [@B25]). Fab1 converts phosphatidylinositol 3-phosphate to PI(3,5)P2, and its kinase activity is positively and negatively regulated by the Vac7 and Vac14 proteins and the Atg18 protein, respectively ([@B23], [@B27][@B28][@B30]). Consistently, PI(3,5)P2 levels are significantly diminished in *vac7* and *vac14* mutants ([@B27], [@B28]) and elevated in the *atg18* mutant in S. cerevisiae ([@B30]).

We have previously shown that CgFab1, CgVac7, and CgVac14, components of the PI(3,5)P2 synthesis complex in C. glabrata, are required for maintenance of vacuole size and azole antifungal tolerance ([@B17]). However, the contribution of these components to echinocandin tolerance is not known. Hence, we have extended our analysis of PI(3,5)P2 signaling modulators further and report for the first time that CgVac7 and CgVac14 are pivotal to cell wall and metal ion homeostasis and caspofungin tolerance in C. glabrata. Besides uncovering an essential role for CgFab1, CgVac7, and CgVac14 in biofilm formation, intracellular survival, and virulence, we demonstrate the vacuolar localization of CgFab1 to be independent of CgFig4, CgVac7, and CgVac14 proteins. In addition, we show, through genetic analyses, that the antifungal susceptibility defects of *Cgfab1Δ* and *Cgvac7Δ* mutants, but not of *Cgvac14Δ* mutant, are restored upon disruption of the PI(3,5)P2 phosphatase-encoding gene *CgFIG4*. Lastly, overexpression of the PI(3,5)P2 synthesis complex components revealed a central role for CgFab1 and CgVac7 in rescuing phenotypes associated with CgVac14 loss. Overall, our data unveil for the first time a complex genetic relationship among different constituents of the PI(3,5)P2 regulatory complex in C. glabrata.

RESULTS {#s2}
=======

The PI(3,5)P2 synthesis complex components, CgVac7 and CgVac14, are required for caspofungin tolerance. {#s2.1}
-------------------------------------------------------------------------------------------------------

To delineate the role of PI(3,5)P2 signaling in antifungal tolerance in C. glabrata, we deleted the *CgFIG4* gene from the genome. The S. cerevisiae ortholog of *CgFIG4* codes for a lipid phosphatase that removes phosphate from position 5 of the inositol ring of PI(3,5)P2 and generates PI3P ([@B29]). CgFig4 showed 72% identity with S. cerevisiae Fig4 and contains both SacI homology and phosphoinositide polyphosphatase domains (see Fig. S1A in the supplemental material). Similarly, CgVac7 possessed two vacuolar segregation protein 7 (Vac7) domains (Fig. S1A) and was 37% identical to ScVac7. Of note, Vac7 homologs are absent in higher eukaryotes ([@B26]). Further, consistent with the role of ScVac14 as a scaffold for the PI(3,5)P2 regulatory complex ([@B31]), CgVac14 also displayed binding regions for both CgFab1 and CgFig4 enzymes (Fig. S1A). The amino acid sequence identities of CgVac14 and CgFab1 with their S. cerevisiae counterparts were 59 and 52%, respectively.

Phenotypic analysis of *Cgfig4Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants revealed attenuated growth of *Cgvac7Δ* and *Cgvac14Δ* mutants in the presence of the echinocandin antifungal, caspofungin ([Fig. 1A](#F1){ref-type="fig"}). Consistent with our previous study ([@B17]), these mutants also displayed increased susceptibility to the azole antifungal, fluconazole ([Fig. 1B](#F1){ref-type="fig"}). Similar to the mutant carrying Tn*7* insertion in the *CgFAB1* gene ([@B17]), the *Cgfab1Δ* deletion strain also displayed sensitivity to caspofungin ([Fig. 1A](#F1){ref-type="fig"}). In contrast, growth of the *Cgfig4Δ* mutant largely remained unaffected in azole- and echinocandin-containing medium ([Fig. 1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}).

![Components of the PI(3,5)P2 synthesis complex are required for antifungal tolerance and cell wall homeostasis. (A) Caspofungin susceptibility of indicated C. glabrata strains, as assessed by liquid growth-based assay. Cultures were inoculated at an initial OD~600~ of 0.2 and grown in medium lacking (CAA) or containing 75 ng/ml caspofungin (CSP) for 24 h, and 3 μl of 25-, 125-, and 625-fold-diluted cultures was spotted on the CAA medium. (B) Fluconazole susceptibility of indicated C. glabrata strains, as assessed by a serial dilution spot assay on the solid medium. Overnight-grown C. glabrata cultures were 10-fold serially diluted, and 3 μl of each dilution was spotted on medium lacking (CAA) or containing 16 μg/ml fluconazole (FLC). (C to E) Flow cytometry-based measurement of chitin (C), β-glucan (D), and mannan (E) after cell staining with 2.5 μg/ml calcofluor white, 12.5 μg/ml aniline blue, and 1 μg/ml concanavalin A, respectively. Data (*n* = 3 to 6) are presented as mean fluorescence intensity ratios ± the standard errors of the mean (SEM), calculated by dividing the fluorescence intensity value of the mutant sample by that of the wild-type sample (considered 1.0). \*, *P* \< 0.05; \*\*, *P* \< 0.01 (paired two-tailed Student *t* test). (F) Serial dilution spot analysis to assess the stress susceptibility of the indicated C. glabrata strains in the CAA medium containing Congo red (CR; 2 mg/ml), calcofluor white (CFW; 2 mg/ml), and caffeine (10 mM). The growth of all spot assays was recorded after 1 to 2 days of incubation at 30°C.](AAC.00886-19-f0001){#F1}

The cellular response to caspofungin in C. glabrata involves remodelling of the cell wall architecture and upregulation of the chitin synthase gene with a concomitant increase in the cell wall chitin content ([@B10], [@B32]). To investigate whether caspofungin sensitivity of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants is due to altered cell wall composition, we measured levels of all three components of the cell wall, i.e., β-glucan, mannan, and chitin. Compared to wild-type (wt) cells, we found larger amounts of chitin in the cell walls of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants ([Fig. 1C](#F1){ref-type="fig"}). Importantly, total β-glucan and mannan levels were not appreciably altered in these mutants ([Fig. 1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Consistent with the cell wall defect, *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants also displayed increased sensitivity to cell wall stressors, caffeine (causes generalized cell wall stress), Congo red (binds to β-glucan fibrils), and calcofluor white (impedes chitin assembly) ([Fig. 1F](#F1){ref-type="fig"}). However, these cell wall perturbants had no significant effect on the growth of the *Cgfig4Δ* mutant ([Fig. 1F](#F1){ref-type="fig"}). Furthermore, in agreement with unaltered susceptibility to cell wall stressors and antifungals, the cell wall composition of the *Cgfig4Δ* mutant was found to be similar to that of the wt cell wall ([Fig. 1C](#F1){ref-type="fig"} to [E](#F1){ref-type="fig"}). Ectopic expression of *CgFAB1*, *CgVAC7*, and *CgVAC14* genes in respective mutants restored wild-type-like growth and cell wall composition profiles ([Fig. 1A](#F1){ref-type="fig"} to [C](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}), indicating that the observed defects in mutants are due to the lack of PI(3,5)P2 complex constituent-encoding genes. Collectively, these data indicate that three main components of the PI(3,5)P2 regulatory complex, CgFab1, CgVac7, and CgVac14, are required for maintenance of the cell wall composition and survival of the cell wall and caspofungin stress in C. glabrata.

Deletion of *CgVAC7* and *CgVAC14* genes render cells susceptible to surplus metal ion stress. {#s2.2}
----------------------------------------------------------------------------------------------

CgFab1 is involved in the regulation of vacuolar functions ([@B17]). Since the lack of *CgFAB1*, *CgVAC7*, and *CgVAC14* had a similar effect on cell wall content and stress susceptibility ([Fig. 1](#F1){ref-type="fig"}) and vacuolar morphology ([@B17]), we next examined another major phenotype associated with the dysfunctional vacuole, i.e., metal ion storage defect, in *Cgvac7Δ* and *Cgvac14Δ* mutants. We observed a significantly higher sensitivity of *Cgvac7Δ* and *Cgvac14Δ* mutants to excess calcium, manganese, and zinc metal ions ([Fig. 2](#F2){ref-type="fig"}). Further, similar to the cell wall-related phenotypes, the *Cgfig4Δ* mutant displayed wild-type-like growth in the presence of surplus metal ions ([Fig. 2](#F2){ref-type="fig"}). Of note, although enlarged vacuoles, consistent with a previous report ([@B17]) were observed in log-phase *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* cells, the *Cgfig4Δ* mutant contained relatively smaller vacuoles (Fig. S1B). Altogether, these data indicate that lack of CgVac7 and CgVac14 perturbs vacuolar size and functions.

![Serial dilution spot analysis to assess the metal ion susceptibility. The indicated overnight-grown C. glabrata strains were 10-fold serially diluted, and 3 μl of each dilution was spotted on medium lacking (YPD) or containing calcium chloride (CaCl~2~; 500 mM), manganese chloride (MnCl~2~; 3 mM), and zinc chloride (ZnCl~2~; 8 mM).](AAC.00886-19-f0002){#F2}

Vacuolar localization of CgFab1 does not require CgVac7, CgVac14, or CgFig4. {#s2.3}
----------------------------------------------------------------------------

Fab1 has previously been shown to be localized to the vacuole in both S. cerevisiae ([@B23]) and C. glabrata ([@B17]). However, although Fig4 and Vac14 are required for the vacuolar localization of Fab1 in S. cerevisiae ([@B31]), their requirement for CgFab1 localization in C. glabrata remains unknown. Therefore, we next stained the vacuolar membranes of wt, *Cgfig4Δ*, *Cgvac7Δ*, and *Cgvac14Δ* cells with the lipophilic dye FM4-64 and checked the localization of CgFab1-green fluorescent protein (GFP) in these strains. We found CgFab1-GFP to be located on the vacuolar membrane in all four strains ([Fig. 3](#F3){ref-type="fig"}), indicating that *CgFIG4*, *CgVAC7*, and *CgVAC14* genes are dispensable for the vacuolar localization of CgFab1 in C. glabrata. These data raise the possibility that despite sharing functional similarity with their S. cerevisiae counterparts, component assembly and/or trafficking of the PI(3,5)P2 regulatory system may follow a different path in C. glabrata.

![Vacuolar localization of CgFab1 is not impaired in *Cgfig4Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants. Representative confocal microscopy images of FM4-64 stained, CAA-grown C. glabrata strains expressing CgFab1-GFP ectopically are shown. GFP, green fluorescent protein; DIC, differential interference contrast. Scale bar, 2.0 μm.](AAC.00886-19-f0003){#F3}

CgFab1, CgVac7, and CgVac14 are essential for survival in mice. {#s2.4}
---------------------------------------------------------------

An intact cell wall and a functional vacuole are pivotal to the virulence of fungal pathogens ([@B33], [@B34]). Since *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants have defective cell wall and impaired vacuolar functions, we next examined their virulence potential. For this, we first checked their ability to form biofilms *in vitro* and found highly diminished biofilms formed by *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants on polystyrene, compared to wt biofilms ([Fig. 4A](#F4){ref-type="fig"}). C. glabrata is known to proliferate in primary macrophages *in vitro* ([@B35]). Hence, we next determined the intracellular replication profiles of *Cgfab1Δ*, *Cgvac7Δ*, *Cgvac14Δ*, and *Cgfig4Δ* mutants in mouse macrophages. We observed that while wt and *Cgfig4Δ* cells multiplied in mouse primary peritoneal macrophages, only 10 to 20% cells of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants survived after 24 h coculture with primary macrophages ([Fig. 4B](#F4){ref-type="fig"}). Lastly, we checked the ability of *Cgfab1Δ*, *Cgvac7Δ*, *Cgvac14Δ*, and *Cgfig4Δ* mutants to survive in the murine model of systemic candidiasis. Similar to the *in vitro* results, ca. 0.4 to 4 log units fewer CFUs were recovered for *Cgfab1Δ* and *Cgvac7Δ* mutants, compared to the wt strain, from the target organs, i.e., the kidneys, livers, spleens, and brains of infected mice ([Fig. 4C](#F4){ref-type="fig"}). Mice infected with the *Cgfig4Δ* mutant displayed 13-fold-reduced renal fungal burden compared to wt-infected mice ([Fig. 4C](#F4){ref-type="fig"}). In contrast, 5- and 25- fold fewer CFUs were recovered from the brains and kidneys, respectively, of the *Cgvac14Δ*-infected mice compared to the *Cgfig4Δ* mutant ([Fig. 4C](#F4){ref-type="fig"}). Importantly, all the defects listed above for the *Cgfab1Δ*, *Cgfig4Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants were rescued upon ectopic expression of the respective genes ([Fig. 4A](#F4){ref-type="fig"} to [C](#F4){ref-type="fig"}). These data demonstrate that CgFab1, CgVac7, and CgVac14 are pivotal to the pathogenesis of C. glabrata.

![Components of the PI(3,5)P2 regulatory complex are required for virulence. (A) Biofilm formation on polystyrene-coated plates, as measured by crystal violet/ethanol-based staining or destaining. The biofilm ratio was calculated by dividing mutant absorbance units by those of wt cells (set to 1.0; mean ± the SEM; *n* = 3 to 5). \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001 (paired two-tailed Student *t* test). AU, arbitrary units. (B) CFU-based proliferation analysis of indicated C. glabrata strains in mouse peritoneal macrophages. Infected macrophages were lysed at 2 and 24 h postinfection, and appropriate dilutions of macrophage lysates were plated on YPD medium. The fold replication was calculated by dividing the number of intracellular C. glabrata cells recovered at 24 h by that recovered at 2 h for each strain. Data represent mean ± SEM (*n* = 3 to 4). \*\*\*, *P* \< 0.001 (unpaired two-tailed Student *t* test). (C) CFU-based survival analysis of the indicated C. glabrata strains in a murine model of systemic candidiasis. After 7 days of intravenous infection with 4 × 10^7^ cells of the indicated C. glabrata strains, the organ fungal load in female BALB/c mice was calculated. Diamonds and bars represent the CFU recovered from target organs of the individual mouse and the CFU geometric mean (*n* = 7 to 13), respectively, for each organ. \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001 (Mann-Whitney test). Of note, no CFUs were recovered from the kidneys of five *Cgfab1Δ* mutant-infected mice.](AAC.00886-19-f0004){#F4}

*CgFIG4* deletion in *Cgfab1Δ* and *Cgvac7Δ* mutants rescues stress sensitivity. {#s2.5}
--------------------------------------------------------------------------------

After demonstrating their centrality to antifungal tolerance, cell wall metabolism, and virulence, we next sought to decipher the relationship between different components of the PI(3,5)P2 regulatory complex, CgFab1, CgVac7, CgVac14, and CgFig4. For this, we took two genetic approaches. First, we deleted the *CgFIG4* gene in all three mutants, *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ*, since *Fig4* in S. cerevisiae is known to regulate PI(3,5)P2 levels ([@B29]). Our rationale was that if the phenotypes of the *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants are due to low levels of PI(3,5)P2, the absence of CgFig4 may result in stabilization and relatively higher PI(3,5)P2 levels, thereby improving the mutants' stress tolerance. Comprehensive phenotypic characterization of double mutants revealed that *Cgfab1Δfig4Δ* and *Cgvac7Δfig4Δ* mutants showed wild-type-like growth in media supplemented with fluconazole, Congo red, calcofluor white, or zinc chloride ([Fig. 5A](#F5){ref-type="fig"}) and caspofungin ([Fig. 5B](#F5){ref-type="fig"}). Importantly, *CgFIG4* expression in double deletion mutants brought back the original stress susceptibility of the single mutant, thereby unequivocally linking the stress resistance phenotype with the absence of CgFig4 ([Fig. 5](#F5){ref-type="fig"}). Expectedly, expression of *CgFAB1* and *CgVAC7* in *Cgfab1Δfig4Δ* and *Cgvac7Δfig4Δ* mutants, respectively, resulted in wild-type-like growth in media containing antifungal drugs, cell wall stressors, and zinc chloride ([Fig. 5](#F5){ref-type="fig"}).

![*CgFIG4* loss rescues stress susceptibility of *Cgfab1Δ* and *Cgvac7Δ* mutants. (A) Serial dilution spot analysis to assess the stress susceptibility of indicated C. glabrata strains in CAA medium containing fluconazole (FLC; 16 μg/ml), Congo red (CR; 2 mg/ml), calcofluor white (CFW; 2 mg/ml), and zinc chloride (ZnCl~2~; 8 mM). (B) Liquid growth assay-based analysis of indicated C. glabrata strains in the medium lacking (CAA) or containing caspofungin (CSP; 75 ng/ml).](AAC.00886-19-f0005){#F5}

Next, we checked the effect of *CgFIG4* deletion on the vacuole size and found a partial reversal of the large vacuole phenotype of *Cgfab1Δ* and *Cgvac7Δ* mutants ([Fig. 6](#F6){ref-type="fig"}). In contrast, the *Cgvac14Δfig4Δ* mutant contained a large vacuole (Fig. S2) and exhibited sensitivity, similar to the *Cgvac14Δ* mutant, to fluconazole, Congo red, calcofluor white, or zinc chloride ([Fig. 5A](#F5){ref-type="fig"}) and caspofungin ([Fig. 5B](#F5){ref-type="fig"}). Altogether, these data suggest that CgFig4 deletion probably stabilizes and maintains PI(3,5)P2 levels above a certain threshold value, resulting in the rescue of defects associated with the absence of the PI(3,5)P2-generating factors CgFab1 and CgVac7. However, nonrestoration of the increased stress susceptibility of the *Cgvac14Δ* mutant, upon CgFig4 loss, indicates that either *Cgvac14Δ* phenotypes are not solely due to small amounts of PI(3,5)P2 or that CgVac14 is required for CgFig4 activity.

![*CgFIG4* deletion restores the large-vacuole phenotype of *Cgfab1Δ* and *Cgvac7Δ* mutants. (A) Representative confocal microscopy images of FM4-64 stained, YPD-grown log-phase cultures of indicated C. glabrata strains are shown. DIC, differential interference contrast. Scale bar, 2.0 μm. (B) Quantification of cell population carrying a large vacuole. A minimum of 150 cells displaying FM4-64 staining of the vacuole for each strain were counted, and data are presented as the percentage of cells containing regular-sized and large vacuoles. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001 (unpaired, two-tailed, Student *t* test).](AAC.00886-19-f0006){#F6}

*CgFAB1* and *CgVAC7* overexpression restores the stress sensitivity of the *Cgvac14Δ* mutant. {#s2.6}
----------------------------------------------------------------------------------------------

The second genetic approach that we undertook involved the overexpression of all four genes, *CgFAB1*, *CgFIG4*, *CgVAC7*, and *CgVAC14*, individually in wt, *Cgfab1Δ*, *Cgfig4Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants, with the rationale that overexpression of PI(3,5)P2 synthesis complex proteins (CgFab1, CgVac7, and CgVac14) may lead to increased PI(3,5)P2 levels. Phenotypic analysis revealed that overexpression of *CgFAB1*, *CgFIG4*, *CgVAC7*, and *CgVAC14* genes in the wt had no significant effect on tolerance to fluconazole and caspofungin (Fig. S2A and B). Moreover, the growth of wt cells expressing these genes also remained largely unaffected in the presence of cell wall stressors and excess zinc chloride (Fig. S3A). Similarly, *CgFAB1*, *CgVAC7*, and *CgVAC14* overexpression in the *Cgfig4Δ* mutant had no discernible phenotype (Fig. S3A and B). Overexpression of *CgFIG4* also had no effect on stress susceptibility of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants ([Fig. 7](#F7){ref-type="fig"}). Strikingly, overexpression of *CgFAB1* and *CgVAC7* rescued the azole, caspofungin, Congo red, calcofluor white, and surplus zinc ion sensitivity of the *Cgvac14Δ* mutant ([Fig. 7](#F7){ref-type="fig"}). However, the converse effect was not observed, as *CgVAC14* overexpression could not restore susceptibility of *Cgfab1Δ* and *Cgvac7Δ* mutants to various stresses ([Fig. 7](#F7){ref-type="fig"}). Similarly, neither *CgFAB1* nor *CgVAC7* overexpression could rescue growth defect of the *Cgvac7Δ* and *Cgfab1Δ* mutant, respectively, in antifungal-, cell wall stressor-, and zinc-containing medium ([Fig. 7](#F7){ref-type="fig"}). Altogether, four key findings emerge from these results. First, enhanced stress susceptibility of the *Cgvac14Δ* mutant is likely to be due to low PI(3,5)P2 levels, thereby implicating CgVac14 in regulation of CgFab1 activity. Second, CgVac7 is most likely a positive regulator of CgFab1 kinase activity and/or PI(3,5)P2 level maintenance in C. glabrata. Third, CgFab1 requires CgVac7 for its activity. Finally, PI(3,5)P2 levels are probably very tightly controlled in C. glabrata, since none of the overexpressed PI(3,5)P2 regulatory complex component could alter the cellular PI(3,5)P2 levels significantly enough to impact antifungal tolerance. It is possible that CgFab1 is subjected to feedback inhibition control.

![*CgFAB1* and *CgVAC7* overexpression rescues stress susceptibility of the *Cgvac14Δ* mutant. (A) Serial dilution spot analysis to assess the susceptibility of indicated C. glabrata strains toward fluconazole (FLC; 16 μg/ml), Congo red (CR; 2 mg/ml), calcofluor white (CFW; 2 mg/ml), and zinc chloride (ZnCl~2~; 8 mM). (B) Liquid growth assay-based analysis of indicated C. glabrata strains in the medium lacking (CAA) or containing caspofungin (CSP; 75 ng/ml).](AAC.00886-19-f0007){#F7}

Next, we sought to verify that PI(3,5)P2 levels indeed regulate stress tolerance in C. glabrata. Since we were unable to measure PI(3,5)P2 levels biochemically due to technical constraints, we decided to address the issue genetically. Fab1 in S. cerevisiae is a well-studied enzyme, and a single amino acid mutation is known to bypass the activity regulatory mechanisms, resulting in a constitutively active enzyme ([@B23], [@B27]). Hence, we aligned the amino acid sequence of CgFab1 with ScFab1 and identified the highly conserved threonine residue that renders ScFab1 constitutively active (Fig. S4A). We constructed the variant CgFab1 protein by substituting threonine at 2076 position with alanine. In contrast to our expectations, CgFab1^T2076A^ overexpression did not lead to resistance toward azole and caspofungin in wt cells ([Fig. 8](#F8){ref-type="fig"}), indicating a very tight regulation of PI(3,5)P2 levels in C. glabrata. However, overexpression of this CgFab1 enzyme rescued the fluconazole, Congo red, zinc chloride, and caspofungin sensitivity ([Fig. 8](#F8){ref-type="fig"}), as well as the large vacuole phenotype of both *Cgvac7Δ* and *Cgvac14Δ* mutants (Fig. S4B), suggesting that the dysfunctional vacuole and increased susceptibility to cell wall and antifungal stress of *Cgvac7Δ* and *Cgvac14Δ* mutants is *de facto* due to lower PI(3,5)P2 levels in these mutants. These data are also in agreement with the earlier finding that CgVac7 is required for activation of the lipid kinase activity of CgFab1, since the overexpression of the wild-type allele of *CgFAB1* could neither restore the increased stress susceptibility nor the malfunctioning vacuole ([Fig. 7](#F7){ref-type="fig"}).

![The constitutively active CgFab1 enzyme restores the stress susceptibility of *Cgvac7Δ* and *Cgvac14Δ* mutants. (A) Serial dilution spot analysis to assess the susceptibility of indicated C. glabrata strains toward fluconazole (FLC; 16 and 32 μg/ml), Congo red (CR, 2 mg/ml), and zinc chloride (ZnCl~2~; 8 mM). Of note, sensitivity to fluconazole/Congo red and zinc chloride was checked in CAA and YPD media, respectively. (B) Liquid growth assay-based analysis of the indicated C. glabrata strains in medium lacking (CAA) or containing caspofungin (CSP; 75 ng/ml).](AAC.00886-19-f0008){#F8}

The PI(3,5)P2 synthesis system uniquely regulates caspofungin tolerance. {#s2.7}
------------------------------------------------------------------------

Since the loss of any one of the components of the PI(3,5)P2 synthesis complex led to increased sensitivity to caspofungin, we next examined whether subunits of the phosphoinositide 3-kinase (PI3K) complex are also required for caspofungin tolerance. The regulatory and catalytic components of the PI3K complex are represented by CgVps15 and CgVps34, respectively ([@B35]). While CgVps34 has been shown to be a lipid kinase, which converts phosphatidylinositol to phosphatidylinositol 3-phosphate, CgVps15 is predicted to be a serine/threonine protein kinase ([@B35]). Both *Cgvps15Δ* and *Cgvps34Δ* mutants possess large vacuoles and are essential for the virulence in C. glabrata ([@B35]). We checked the caspofungin sensitivity of *Cgvps15Δ* and *Cgvps34Δ* mutants by using a liquid growth assay and found them to grow well in the caspofungin-containing medium (Fig. S5), indicating that PI3P signaling does not modulate the cellular response to caspofungin. These data underscore a unique role for PI(3,5)P2 lipid in caspofungin tolerance in C. glabrata.

DISCUSSION {#s3}
==========

The pathogenic yeast C. glabrata possesses orthologs of all components of the S. cerevisiae PI(3,5)P2 regulatory complex: Fab1, Vac7, Vac14, and Atg18. C. glabrata Fab1, Vac7, Vac14, and Atg18 are 2,104-, 1,076-, 868-, and 505-amino-acid proteins, respectively (Fig. S1A) and show 35 to 70% identity with their S. cerevisiae counterparts. Importantly, the domains involved in the regulation of PI(3,5)P2 levels are conserved between proteins of these two yeasts (Fig. S1A). In the present study, we show that components of the PI(3,5)P2 signaling pathway are required for cell wall and vacuole homeostasis and antifungal tolerance in C. glabrata. Despite PI(3,5)P2 being a low-abundance phosphoinositide ([@B24], [@B26]), we demonstrate for the first time that the PI(3,5)P2-generating kinase, CgFab1, is essential for the virulence of C. glabrata. Similarly, CgFig4, CgVac7, and CgVac14 proteins, which regulate PI(3,5)P2 levels, were also required for C. glabrata pathogenesis.

Besides the dysfunctional large vacuole, lack of *CgFAB1*, *CgVAC7*, and *CgVAC14* also resulted in higher cell wall chitin content that may stem from impaired trafficking of the cell wall biogenesis proteins, since PI(3,5)P2 levels are known to regulate protein trafficking events in both lower and higher eukaryotes ([@B24][@B25][@B26]). Although these data raise the possibility that both the dysfunctional vacuole and the altered/fragile cell wall may contribute to the increased caspofungin sensitivity of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants, the wild-type-like caspofungin susceptibility of *Cgvps15Δ* and *Cgvps34Δ* mutants, despite having a malfunctioning vacuole ([@B35]), renders the first prospect unlikely. Elucidation of the molecular link between high cell wall chitin and caspofungin sensitivity of *Cgfab1Δ*, *Cgvac7Δ*, and *Cgvac14Δ* mutants will help elucidate the mechanism underlying the role of PI(3,5)P2 in echinocandin tolerance.

Further, our data suggest that the mechanisms of assembly and trafficking of PI(3,5)P2 complex in C. glabrata and S. cerevisiae are disparate. In contrast to C. glabrata, localization of Fab1 to the vacuole in S. cerevisiae is dependent upon both Vac14 and Fig4 ([@B31]). Similarly, functions of the phosphoinositide-binding protein Atg18, which acts as a negative regulator of Fab1 in S. cerevisiae ([@B36]), appear to be not conserved between S. cerevisiae and C. glabrata, since *CgATG18* deletion did not significantly alter the vacuole size in C. glabrata (Fig. S6A). The growth of the *Cgatg18Δ* mutant was also found to be not attenuated in the presence of surplus metal ions, cell wall stressors, and antifungal drugs (Fig. S6B and C). Therefore, investigations focusing on physical interaction between different components of the C. glabrata PI(3,5)P2 complex are warranted in order to gain mechanistic insights into the complex biogenesis.

Altogether, our data uncover the functions and activity regulatory mechanisms of the PI(3,5)P2 complex ([Fig. 9](#F9){ref-type="fig"}) for the first time in C. glabrata. Our genetic and phenotypic analyses provide evidence for the following four major conclusions: (i) the dysfunctional vacuole and increased antifungal and cell wall stress susceptibility of *Cgvac7Δ* and *Cgvac14Δ* mutants is due to low PI(3,5)P2 levels; (ii) the PI(3,5)P2 levels are regulated positively and negatively by CgVac7 and CgFig4, respectively; (iii) despite the dispensability for CgFab1 localization, CgVac7 is essential for activation of the PI3P 5-kinase activity of CgFab1; and (iv) CgVac14 may be pivotal to regulate the phosphatidylinositol-3,5-bisphosphate 5-phosphatase \[PI(3,5)P2 5-phosphatase\] activity of CgFig4 ([Fig. 9](#F9){ref-type="fig"}). Overall, our results underscore the complex and distinct genetic relationships among PI(3,5)P2 kinase, PI(3,5)P2 phosphatase, and positive regulators of PI(3,5)P2 kinase and phosphatase and the effect of this relationship on tolerance to azole and echinocandin antifungals.

![Schematic summary of key results of this study. Cellular PI(3,5)P2 levels in C. glabrata regulate vacuole homeostasis, caspofungin tolerance, and virulence in mice. CgFab1 is a PI(3,5)P2 kinase that converts PI3P to PI(3,5)P2. CgVac7 and CgVac14 positively regulate the activity of CgFab1, as indicated by dotted arrows. CgFig4 is PI(3,5)P2 phosphatase that converts PI(3,5)P2 to PI3P, and its activity is modulated by CgVac14. Altogether, CgFab1, CgVac7, CgVac14, and CgFig4 maintain PI(3,5)P2 levels in C. glabrata.](AAC.00886-19-f0009){#F9}

In light of an essential role for PI(3,5)P2 signaling in antifungal tolerance and virulence of C. glabrata, we delved into the possibility of fungal Vac7 as a novel antifungal target. Consistent with an earlier report ([@B26]), our BLAST analysis identified no homologs of CgVac7 in humans and mice. Further, multiple amino acid sequence alignment of Vac7 of seven fungal species (Aspergillus fumigatus, C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, Histoplasma capsulatum, and S. cerevisiae) revealed three weakly conserved regions (Fig. S7). Of these, two regions fall in the vacuolar segregation domains of CgVac7 (Fig. S1A and S7). Although our preliminary analysis favors Vac7 as an antifungal target, detailed structural modeling and inhibitor studies are needed to test this possibility completely.

In summary, in addition to characterizing components of the PI(3,5)P2 regulatory complex in C. glabrata for the first time, our study opens up a new avenue, using the absence of Vac7 homologs in higher eukaryotes, for antifungal therapy.

MATERIALS AND METHODS {#s4}
=====================

Strains and media. {#s4.1}
------------------

C. glabrata strains, derivatives of the C. glabrata BG2 strain, were routinely grown in the rich yeast extract-peptone-dextrose (YPD) medium or minimal yeast nitrogen base medium containing Casamino Acid (CAA) at 30°C. The Escherichia coli DH5α strain was used for gene cloning and grown in the LB medium at 37°C. Logarithmic-phase yeast cells were obtained by incubating the overnight grown cultures in the fresh YPD/CAA medium for about 4 h.

Animal experiments. {#s4.2}
-------------------

Mice infection experiments were performed at the Centre for DNA Fingerprinting and Diagnostics (CDFD) Animal House Facility and VIMTA Labs Limited, Hyderabad, India, in accordance with guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals, Government of India. The protocols were approved by the Institutional Animal Ethics Committee.

Isolation of primary (peritoneal) macrophages. {#s4.3}
----------------------------------------------

Six- to eight-week-old BALB/c mice were used to isolate primary macrophages, as described previously ([@B35]). 1.5 ml of 4% (wt/vol) thioglycolate broth was injected into the peritoneal cavity of mice. After 5 to 7 days, mice were euthanized by CO~2~ inhalation, and peritoneal macrophages were collected by peritoneal lavage with 10 ml of Dulbecco modified Eagle medium (DMEM), followed by centrifugation. After two washes, the cells were suspended in DMEM containing heat-inactivated fetal bovine serum (10%), glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 μg/ml) and seeded in a 24-well culture plate at a density 1 × 10^6^ per well. After 24 h of incubation at 37°C and 5% CO~2~, the macrophages were infected with C. glabrata cells at a multiplicity of infection of 0.1, as described previously ([@B35]).

*C. glabrata* gene disruption and cloning. {#s4.4}
------------------------------------------

The *CgFIG4* (*CAGL0D02464g*, 2.6 kb) gene at the genomic loci was replaced, using a homologous-recombination-based strategy, with the *NAT1* cassette, as described previously ([@B14]). For the creation of double-deletion strains, the parental single-deletion strain (*Cgfab1Δ*, *Cgvac7Δ*, or *Cgvac14Δ*) was transformed with the pRK70 plasmid expressing the FLP flippase, and transformants were selected for uracil prototrophy in the CAA medium. The flippase enzyme facilitates the recombination at FRT sites flanking the *nat1* gene resulting in the *NAT1* cassette excision. The nourseothricin-sensitive transformants were purified and cured of the plasmid pRK70 after four to five passages in nonselective YPD medium. The plasmid curing was verified by growth on 5-fluroorotic acid, and cells were transformed with the linearized fragment, PCR amplified from the genomic DNA of *Cgfig4Δ* deletion strain, carrying *CgFIG4* 5′-untranslated region (5′-UTR)-*NAT1* cassette-*CgFIG4* 3′-UTR sequence. Nourseothricin-resistant colonies were purified and checked for gene disruption by PCR.

For complemented strain generation, *CgFIG4*, *CgVAC7* (*CAGL0G01342g*, 3.23 kb), and *CgVAC14* (*CAGL0H06501g*, 2.6 kb) were PCR amplified from the wild-type genomic DNA using the high-fidelity Phusion *Taq* polymerase and cloned downstream of the *PGK1* promoter at SpeI-BamHI, EcoRI-XhoI, and SpeI-EcoRI restriction enzyme sites, respectively, in the pGRB2.2 (pRK74) plasmid. The recombinant plasmids were expressed in the corresponding deletion mutants for complementation analysis.

The hyperactive allele of CgFab1 was created by replacing the conserved threonine amino acid at position 2076 with the alanine using the site-directed mutagenesis as described previously ([@B17]). The mutation was confirmed by sequencing. For overexpression studies, PCR amplified *CgFAB1*, *CgFIG4*, *CgVAC7*, and *CgVAC14* genes were cloned downstream of the high-strength *PDC1* promoter at the XmaI-SalI, SpeI-XmaI, XmaI-EcoRI, and SpeI-EcoRI sites, respectively, in pCU-PDC1 plasmids and expressed in C. glabrata strains. All strains/plasmids and primers used in this study are listed in Tables S1 and S2, respectively.

Serial dilution spot assay. {#s4.5}
---------------------------

The serial dilution spotting assay was performed in solid medium to assess the susceptibility of C. glabrata strains to fluconazole, metal ions, and cell wall and cell membrane stress. Briefly, overnight-grown cultures were normalized to an optical density at 600 nm (OD~600~) of 1.0- and 10-fold serially diluted in phosphate-buffered saline (PBS). Then, 3 μl of each dilution was spotted onto the appropriate medium, and growth was recorded after 1 to 2 days of incubation at 30°C. For caspofungin sensitivity analysis, the liquid growth susceptibility assay was performed in a 96-well plate containing 100 μl of CAA medium with or without the drug. Overnight-grown C. glabrata cultures were inoculated in this medium at an OD~600~ of 0.2 and grown for 24 h at 30°C with constant shaking. The cultures were diluted 25-, 125-, and 625- fold, and 3 μl of each dilution was spotted onto CAA agar medium.

Chitin, β-glucan, and mannan estimation. {#s4.6}
----------------------------------------

Log-phase-grown C. glabrata cultures were harvested, washed with PBS, and suspended in 1 ml of PBS to obtain a final OD~600~ of 2.0. To this suspension, calcofluor white (2.5 μg/ml), aniline blue (12.5 μg/ml), and fluorescein isothiocyanate-labeled concanavalin A (1 μg/ml) were added for chitin, β-glucan, and mannan estimation, respectively. Cells were incubated in the dark for 15 min at room temperature and washed twice with PBS. About 50,000 fluorescently labeled and unlabeled cells were analyzed using the flow cytometry (BD FACSAria III). The mean fluorescence intensity value, calculated using FlowJo software, for unstained control cells was subtracted from that for stained cells, and data were plotted as the mean intensity ratio, which reflected the mutant/wild-type fluorescence intensity values.

Microscopy. {#s4.7}
-----------

Vacuolar morphology in C. glabrata cells was visualized using the lipophilic dye FM4-64, which is known to be endocytosed by the plasma membrane. Log-phase-grown cells (1 ml) were harvested, washed, and suspended in YPD medium containing FM4-64 (16 μM). After 30 min of incubation at 30°C in the dark, the cells were washed twice and incubated in the fresh YPD medium for 90 min. After two washes with PBS, the cells were suspended in CAA medium and visualized under a confocal microscope (Zeiss LSM 700; 63×/1.44 NA objective; Leica TCS SP8; 63×/1.52NA objective). Representative maximum-intensity projection of Z-stack fluorescence confocal images were prepared by fluorescent image deconvolution, followed by projection of a subset (5 to 10 images) of the entire Z-stack into a single image. Z-stack images were acquired throughout the cell at 0.25 and 0.5 μm intervals for Zeiss and Leica confocal microscope, respectively. CgFab1 localization was studied by fluorescent imaging of log-phase cells expressing GFP-tagged CgFab1 from the pGRB2.3 plasmid.

Biofilm assay. {#s4.8}
--------------

The ability of YPD-grown log-phase C. glabrata cells to form biofilms on polystyrene was checked by growing cells to an OD~600~ of 0.5 in a 24-well plate at 37°C. After 90 min of incubation, the cells were washed twice with PBS, suspended in RPMI 1640 medium containing 10% fetal bovine serum, and incubated for another 48 h with a medium change at 24 h. PBS washes were applied to remove unbound cells, and adherent yeast cells were stained with a 0.4% (wt/vol) crystal violet solution for 45 min. C. glabrata biofilms were destained with 95% ethanol, and the destaining solution absorbance was recorded at 595 nm. The absorbance values of blank wells (without yeast) were subtracted from those of C. glabrata-containing wells. The biofilm ratio represents the mutant/wild-type absorbance units.

Mouse infection assay. {#s4.9}
----------------------

YPD medium-grown C. glabrata cells (4 × 10^7^; 100 μl of PBS cell suspension) were injected into tail vein of 6- to 8-week-old female BALB/c mice. At day 7 postinfection, mice were sacrificed, and four organs---kidney, liver, brain, and spleen---were collected and homogenized in PBS. Appropriate homogenate dilutions were plated on YPD medium supplemented with penicillin and streptomycin to determine the fungal load in mouse organs.

Statistical analysis. {#s4.10}
---------------------

Statistical significance was determined using GraphPad Prism software. A two-tailed Student *t* test and the nonparametric Mann-Whitney test were used for intergroup comparisons and mouse organ fungal burden analysis, respectively.

Supplementary Material
======================

###### Supplemental file 1

Supplemental material for this article may be found at <https://doi.org/10.1128/AAC.00886-19>.
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